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subsurface equilibrium hydrogen concentration (cm3 ( N T P ) c ~ - ~  ) 

subsurface hydrogen concentration at the inside surface of a hollow, cylindrical membrane 

subsurface hydrogen concentration at the outside surface of a hollow, cylindrical membrane 

coefficient for hydrogen diffusion within the metal lattice (cm2 s-l) 

pre-exponential constant for hydrogen diffusion 

overall hydrogen flow rate through a hollow, cylindrical membrane 

Sievert’s constant of proportionality 

length of a hollow, cylindrical membrane 

hydrogen pressure on the inside of a hollow, cylindrical membrane 

hydrogen pressure on the outside of a hollow, cylindrical membrane 

activation energy for hydrogen diffusion 

activation energy for hydrogen permeation 

inside radius of a hollow, cylindrical membrane 

outside radius of a hollow, cylindrical membrane 

gas constant (J kmole-’ O K - ’ )  

lag-time parameter for nonsteady-state transport (s) 

absolute temperature of a hollow, cylindrical membrane 

coefficient for hydrogen permeation under steady-state conditions through the metal lattice 
(cm3 (NTP) cm-’ s-’ (Nm-2)-1’z) 

pre-exponential constant for hydrogen permeation 
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GAS-PHASE HYDROGEN PERMEATION THROUGH ALPHA IRON, 4 130 STEEL, 

AND 304 STAINLESS STEEL FROM LESS THAN 100" C TO NEAR 600" C 

Howard G. Nelson and James E. Stein 

Ames Research Center 

SUMMARY 

Gas-phase hydrogen permeation studies were conducted on hollow, cylindrical membranes of 
triply zone-refined alpha iron, AISI 304 austenitic stainless steel, and AISI-SAE 4130 steel in both 
the normalized (ferrite and carbide) and quenched and tempered (martensite) conditions. 
Membrane temperature was varied from less than 100" C to near 600" C and hydrogen pressure 
was varied from 1 X lo4 Nm-' to 3 X  1 O6 Nm-'. For one membrane material, normalized 4130 
steel, gas-phase hydrogen transport under both steadystate and nonsteady-state conditions was 
demonstrated to  be controlled by lattice diffusion. Additionally, Sievert's law was shown to be 
applicable. For all membrane materials, expressions for the coefficients for hydrogen permeation, 4, 
were determined by analysis of steadystate transport; the coefficients for diffusion, D, were 
determined by the lag-time technique applied to nonsteady-state transport; and through a know- 
ledge of the Sievert's constants, the subsurface equilibrium l a t t i ce  hydrogen concentration, 
C , were determined. 

INTRODUCTION 

Several reviews are available on hydrogen transport in iron-base alloys (refs. 1-3). Aside from 
the phenomenological interest in the kinetic parameters involved in the transport process, an 
accurate knowledge of the rate of hydrogen transport in and through iron-base alloys is of consider- 
able practical importance. For example, the rate processes of hydrogen transport are inherently 
involved in the phenomenon of hydrogen embrittlement of metals (ref. 4) - embrittlement either 
from hydrogen originally present in the metal lattice (ref. 5) or from an external environment, such 
as a high-purity hydrogen gas (ref. 6) or hydrogencontaining molecules (ref. 7). In fact, the rate 
processes of hydrogen transport can control whether or not an alloy will exhibit hydrogen embrit- 
tlement (ref. 8). 

Although numerous studies have been conducted to  determine the reaction kinetics of hydro- 
gen transport through iron-base alloys, most have been limited to  either high temperatures or to  
chemical or electrolytic techniques because of the sensitivity of the permeation apparatus. 
Additionally, many of the older data are unreliable because of the lack of system, material, and 
surface characterization. It is the purpose of this study to  establish the kinetic rate equations for 
gas-phase hydrogen permeation, lattice diffusion, and equilibrium lattice solubility in a number of 
iron base alloys to as low a temperature as possible, using a highly sensitive gas-phase permeation 
apparatus. Membrane materials studied are triply zone-refined alpha iron, AISI 304 stainless steel, 
and AISI-SAE 41 30 steel in the normalized and quenched and tempered conditions. 



THEORETICAL CONSIDERATIONS 

The kinetic parameters of permeability, diffusivity, and equilibrium solubility can be deter- 
mined experimentally by the proper analysis of the steadystate and nonsteady-state portions of the 
simple penetration-rate-versus-time curves. 

Permeation 

If it is assumed that the overall hydrogen transport process under steadystate conditions is 
controlled by diffusion through the bulk material, that is, if the transport process is not affected by 
reactions occurring on the membrane surface, the overall flow rate of hydrogen through the walls of 
a cylindrical membrane is given by the equation (ref. 9): 

27rQ ,/'Z -p;'2) 
(In ro - In r i )  it = 4 

Empirically, the flow rate, i t ,  is also dependent on temperature. This temperature dependence 
enters equation (1) through the coefficient of permeation, 4, and is given in the form of the 
Arrhenius equation : 

Therefore, under steady-state conditions, where the hydrogen flow rate is constant with respect to  
time, the coefficient of hydrogen permeation can be determined through equation (1) and the 
variation of the steady-state flow rate with temperature will yield the kinetic parameters of equa- 
tion (2). 

Diffusion 

Barrer (ref. 10) has developed a technique to  measure the coefficient of diffusion by utilizing a 
nonsteady-state parameter known as lag-time, t L .  The lag-time determination is based on the rate 
of hydrogen concentration change in a constant volume at the exit side of a permeated membrane. 
The slope on a pressure-versus-time curve, corresponding to a constant rate of pressure rise 
(steady-state conditions), is extrapolated back to  the initial pressure of the collection volume 
yielding a value of time. The increment in time from time zero (the instant in time the entrance 
surface of the membrane is exposed to  hydrogen) is known as the lag-time. 

The lag-time parameter has been expressed by Barrer (ref. 10) in terms of the coefficient of 
diffusion, D, for a cylindrical geometry as: 
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assuming that phase boundary reactions can be neglected, and that the boundary conditions to 
Fick’s second law solution are constants corresponding to  instantaneous equilibrium between the 
gas-phase hydrogen and hydrogen within the metal surface. The relationship between D and tL is 
dependent solely on specimen geometry and thus, for a given membrane configuration: 

1 
D = constant - (4) 

tL 

Similar to the coefficient for permeation, the coefficient for diffusion is temperature dependent and 
is given in the form of the Arrhenius equation: 

Therefore, the determination of the kinetic parameters of diffusion is simply a matter of establish- 
ing the magnitude and temperature dependence of the lag-time parameter obtained from the 
penetration-rate-versus-time curves. 

Solubility 

Equilibrium hydrogen solubility is the subsurface hydrogen concentration in equilibrium with 
gas-phase hydrogen above that surface. Equilibrium hydrogen solubility, C, is empirically given by 
Sievert’s law (ref. 1 1) which relates the atomic concentration just below the surface of a solid t o  the 
pressure of the diatomic gas above that surface: 

Under steady-state conditions, the hydrogen concentrations at both the entrance and exit 
surfaces of the membrane will be constant with time and thus, the overall gas flow rate for a 
cylindrical membrane can be expressed by the following relationship obtained by integration of 
Fick’s first law: 

Substituting equation (6) into equation (7)’ assuming Co << Ci, and equating this result to  
equation ( l ) ,  we obtain the expression for Ci, the equilibrium solubility just below the inner 
membrane surface, in terms of the experimentally determined coefficients of permeation and 
diffusion: 
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APPARATUS AND MATERIAL 

The experimental system used in these studies is similar to  that developed by Frauenfelder 
(ref. 12). The test system as shown in figure 1 consists of two ultrahigh vacuum systems, an input 
system used for the introduction of hydrogen into the specimen, and an output system for the 
analysis and removal of the permeated hydrogen. All vacuum seals were metallic, with the exception 
of the viton ‘‘0”-ring compression type seal between the vacuum jacket and the specimen. This seal, 
cooled with liquid nitrogen cooling coils, permitted translational movement of the test piece in 
order to eliminate strains which would have otherwise developed as the result of thermal expansion 
of the specimen during heating and cooling. 

The materials used in these studies were triply zone-refined alpha-iron, commercial AISI-SAE 
41 30 steel (nominal composition: 0.30 percent C, 0.70 percent Cr, and 0.20 percent M o )  having a 
normalized structure of ferrite and carbide and a quenched and tempered structure of martensite, 
and commercial AIS1 304 austenitic stainless steel (nominal composition: 0.08 percent max C, 
18 percent Cr, and 8 percent Ni). Test specimens were machined to  the desired gage section dimen- 
sions (fig. l) ,  polished on 600 grit paper, and rinsed in alcohol before mounting in the test 
apparatus. 

The rate of steady-state hydrogen flow through the cylindrical membrane was obtained by 
valving out the ion-pump on the input system and back-filling the system (including the internal 
specimen cavity) to  the desired pressure with hydrogen which had been passed through a palladium 
diffuser. The mass spectrometer (quadrupole residual gas analyzer) in the output system was used to  
continuously monitor the hydrogen penetrating the membrane. The mass spectrometer was calibra- 
ted to give hydrogen flow rate by the standard “known-conductance” technique (ref. 13) and was 
capable of measuring a hydrogen flow rate less than 10’ molecules per second. 

Nonsteady-state lag-time measurements were made in the following manner: Hydrogen was 
first introduced into a precalibrated reservoir. An isolation valve between the reservoir and the input 
system was opened, causing rapid pressurization of the specimen to a predetermined pressure. 
Simultaneously with specimen pressurization, the mass spectrometer began recording the hydrogen 
pressure in the output system. Initially the ion-pump in the output system was valved out to 
provide a fixed collection volume for lag-time measurements; however, it was determined experi- 
mentally later that because of the relatively slow pumping speed of this pump, the same informa- 
tion could be determined with the pump on; Le., the removal of hydrogen at low pressures was 
negligible compared to the initial hydrogen flow rate penetrating the membrane. The lag-time 
results are presented without distinction as t o  whether the ion-pump was valved out or not. 

To obtain the maximum steadystate hydrogen flow rate and reproducible results from 
membrane to membrane, it was found necessary to expose first the inside surface of a new mem- 
brane to  hydrogen at a temperature between 500” C to 600” C for approximately one-half hour. 
This procedure is similar to  that used by Gibson et al. (ref. 14) to  activate stainless steel membranes. 
It appears that this treatment reduces the surface oxide which remains or  is formed on the 
membrane surface following the polishing operation. If the inside surface of the membrane became 
contaminated for some reason during a test, it was found that surface clean-up resulting in original 
rates of hydrogen flow could be obtained by resubjecting the membrane t o  this treatment. 
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RESULTS 

In order to demonstrate that steadystate gas-phase hydrogen transport is controlled by lattice 
diffusion and is not affected by surface reactions in iron base alloys, hydrogen flow rate, i t ,  was 
studied as a function of l/log (r&j), the configurational parameter of equation (l), for normalized 
4130 steel membranes. Figure 2 shows the observed data determined at a constant hydrogen 
pressure and at three different temperatures. The lines drawn through these data were determined 
for the three temperatures by substituting into equation (1) the value of the coefficient of permea- 
tion determined (below) for this material in the present study, equation (1 2). Reasonable agreement 
is seen to exist between the experimental data and these solid curves. 

Likewise, nonsteady-state hydrogen transport is not seen to be affected by reactions occurring 
on the normalized 4130 steel membrane surfaces. Figure 3 is a plot of the reciprocal of lag-time 
versus the configurational function of equation (3) for normalized 4130 steel membranes at a 
constant temperature. It can be seen from this figure that the reciprocal of the lag-time parameter is 
inversely proportional to the configurational parameter (Le-, variation in membrane thickness), as 
would be expected from equation (3). The line drawn through these data was obtained by the 
substitution of the coefficient of diffusion determined for this material in the present study, 
equation (1 3), and has a slope of -1 .O. 

The applicability of Sievert’s law, equation (6), was also verified for all membrane materials of 
this study. In all cases, under steadystate conditions hydrogen flow rate was found to  be approxi- 
mately proportional to the square root of the hydrogen driving pressure over the pressure range 
investigated (from 1 X 10’ Nm- to e” ‘nA 37, IU- xT----2’ ~ Y I U  1, -.- aa W-111.4 vvuuly ho v v  Punerted - a . r - - - - -  from equation (1). 

Alpha Iron 

The coefficient of hydrogen permeation (eq. 2) determined from equation (1) for alpha iron is 
shown in figure 4. It is seen from this figure that the data obey a linear relation on this type plot 
and are therefore indicative of a single thermally activated process over the entire temperature range 
of this study. From the best-fit curve as determined by least-meansquares analysis of all data, the 
coefficient of hydrogen permeation was found to  obey the relation: 

4 = 8.04X10-6 exp(-34,300/R7‘) (9 1 

A similar plot of the reciprocal of lag-time versus the reciprocal of temperature for an alpha-iron 
membrane is shown in figure 5. As seen from this figure, the data seem best represented by two line 
segments indicating a transition to  a higher “apparent” activation energy for diffusion at lower 
temperatures. [This effect has been observed previously by others (refs. 15 and 16), has been 
observed in the 4130 steel membranes of the present study, and has been discussed in detail and 
shown to be an artifact of the test technique (refs. 17-19).] From the best-fit curve through all the 
data at the higher temperatures, above the “apparent” transition temperature, the coefficient of 
diffusion was found to obey the relation: 

D = 2.33X10-3 exp(-6680/R7‘) 



Based on the observed equations (9) and (10) and the relationship given by equation (8), the 
equilibrium lattice hydrogen concentration, at a given hydrogen pressure, can be expressed by the 
following rela tion : 

C =  3.45X10-3 p ” *  exp(-27,6OO/RT) (1 1) 

Normalized 4 130 Steel 

The coefficient of permeation observed for AISI-SAE steel in the normalized condition is 
shown in figure 6. From the best-fit curve of all data, the coefficient of hydrogen permeation is 
given by the relation: 

C#I = 6.53X exp(-39,700/RT) (12) 

The reciprocal of lag-time observed for AISI-SAE 4130 steel in the normalized condition is 
shown in figure 7. As was seen in a similar plot for alpha iron, a break occurs in figure 7 at the lower 
temperatures. From the best-fit curve through all data at the higher temperatures, the coefficient of 
diffusion is given by the relation: 

D = 3.53X10-3 exp(-12,600/RT) (13) 

Based on equation (12) and (13), the equilibrium lattice hydrogen concentration at a given 
hydrogen pressure is given by the relation: 

C = 1.85X p112 exp(-27,1OO/RT) (14) 

Quenched and Tempered 4 130 Steel 

The coefficient of permeation observed for quenced and tempered 4130 steel is shown in 
figure 8. From the best-fit curve of all data, the coefficient of hydrogen permeation is given by the 
relation: 

C#I = 8.17X10-6 exp(-35,200/RT) (15) 

The reciprocal of lag-time observed for quenched and tempered 4130 steel is shown in figure 9. 
Again, a break occurs in this figure at the lower temperatures. From the best-fit curve through all 
data at higher temperatures, the coefficient of diffusion is given by the relation: 

D = 3.56X10-3 exp(-7950/RT) (16) 

Based on equations (1 5 )  and (1 6), the equilibrium lattice hydrogen concentration at some 
hydrogen pressure is given by the relation: 

C = 2.29X10-3 p 1 I 2  exp(-27,200/RT) (17) 
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304 Stainless Steel 

The coefficient of permeation observed for 304 austenitic stainless steel is shown in figure 10. 
From the best-fit curve of all data, the coefficient of hydrogen permeation is given by the relation: 

$J = 2.34X exp(-64,000/RT) (18) 

The reciprocal of lag-time observed for 304 austenitic stainless steel is shown in figure 11. 
From the best-fit curve through all data, the coefficient of diffusion is given by the relation: 

D = 2.72X exp(-54,400/RT) (19) 

Based on equations (1 8) and (19), the equilibrium lattice hydrogen concentration at some 
hydrogen pressure is given by the relation: 

C = 8.60X10-3 P ' ' ~  exp(-9600/RT) (20) 

DISCUSSION 

The overall process of hydrogen transport through a membrane involves a number of reaction 
processes, any one of which could control the rate of the overall process. It is imperative that the 
rate controlling reaction process be identified, if analytical relationships are to be meaningfully 
applied to t he  experimental data. It has been demonstrated previously for electrolytic and chemical 
methods (ref. 20) that both steadystate and nonsteadystate hydrogen transport through Ii-oii base 
alloys are controlled under most conditions by lattice diffusion; however, no such characterization 
has heretofore been established for gas-phase transport (refs. 2 1-23). In the present study, the 
agreement . between the configurational dependence observed under steady-state (fig. 2) and 
nonsteady-state (fig. 3) conditions with those expected from equations (1) and (3), respectively, 
strongly suggest that here too, lattice diffusion is the rate controlling process. 

Although numerous studies have been conducted on hydrogen transport through iron base 
alloys, most have been limited to  either high temperatures or to  chemical or electrolytic methods. 
Additionally, many of the older data are unreliable because of the lack of system, material, and 
surface characterization. In the present study, the use of a sensitive gas-phase permeation apparatus 
and improved system characterization has allowed the extension of data to  lower temperatures, has 
improved the reliability of the kinetic expressions for hydrogen transport in alpha iron and 304 
stainless steel, and has estabilished the relevant expressions for normalized and quenched and 
tempered 4130 steel. In order to establish the accuracy and reliability of the kinetic expressions 
determined in the present study, the observed expression for the coefficient of permeation in alpha 
iron (eq. (9)) can be compared with the best available expression from the literature. Gonzalez 
(ref. 24) has considered carefully most previously existing determinations of steady-state permea- 
bility of hydrogen in alpha iron for systematic errors, purity of iron, and general technique. The 
following equation is his choice of the best data available and represents a confidence level of 
90 percent: 

4 = (9.1 f 1)X10-6 exp(-35,300 * 1700/RT) (21) 
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and is in excellent agreement with that observed in the present study, that is, 

4 = 8.04X exp(-34,300/RT) 

In the present study, the reciprocal of lag-time (diffusivity) was observed to decrease more 
rapidly with decreasing temperature at low temperatures than at high temperatures for alpha iron 
(fig. S), for normalized 4130 steel (fig. 7), and for quenched and tempered 4130 steel (fig. 9). This 
behavior has previously been observed in carbon steel and in alpha iron (refs. 16 and 17). Consider- 
ing the relationship between permeability and diffusivity, equation (8), and the lack of an observed 
break in the temperature dependences of permeation in these metals (figs. 4, 6, and 8), it can 
readily be seen that this low temperature behavior is a consequence of nonsteady-state transport. 
This conclusion has been suggested by others and has been discussed in detail by Oriani (ref. 19), 
who has developed an explanation involving local equilibrium during nonsteady-state transport 
between the diffusing hydrogen in ordinary lattice sites and that in extraordinary lattice sites, such 
as internal voids. 

CONCLUSIONS 

(1) Over the temperature and pressure ranges of this study, both steady-state and nonsteady- 
state gas-phase hydrogen transport through normalized 4 130 steel membranes have been demonstra- 
ted to be controlled by lattice diffusion. 

(2) Sievert’s law was obeyed for all membranes tested. 

(3) The reciprocal of lag-time (diffusivity) was observed to decrease more rapidly with 
decreasing temperature at lower temperatures for alpha iron, normalized 4 130 steel, and quenched 
and tempered 41 30 steel membranes. As proposed previously, this anomalous behavior appears to 
be a consequence of nonsteadystate test conditions. 

(4) Expressions were determined for the coefficient of hydrogen permeation by analysis of 
steady-state transport, for the coefficients of diffusion by the lag-time technique applied to 
nonsteady-state transport, and for subsurface equilibrium lattice hydrogen concentrations through 
Sievert’s law: 

for alpha iron 

@ = 8.04X10-6 exp(-34,3OO/RT) 

D = 2.33X exp(-6680/RT) 

C = 3.45X p1’2 exp(-27,600/RT) 

for normalized 4 I30 steel 

4 = 6S3X exp(-39,7OO/RT) 

D = 3.53X10-3 exp(-l2,600/RT) 

C = 1.85X p l  I 2  exp(-27,1OO/RT) 
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for quenched and tempered 4 130 steel 

$ = 8.1 7X 1 OT6 exp(-35,200/R 7') 

D = 3.56X10-3 exp(-7,95O/RT) 

C = 2.29X10-3 p1 l 2  exp(-27,200/RT) 

and for 304 stainless steel 

$ = 2.34X 1 0-4 exp(-64,000/R T )  

D = 2.72X exp(-54,400/RT) 

C = 8.6X10-3 p' l 2  exp(-9,6OO/RT) 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., January 10, 1973 
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